Background: In many animals, embryonic patterning depends on a careful interplay between cell division and the segregation of localized cellular components. Both of these processes in turn rely on cytoskeletal elements and motor proteins. A type of localized cellular component found in most animals is the germ plasm, a specialized region of cytoplasm that specifies the germ-cell fate. The gene vasa has been shown in Drosophila to encode an essential component of the germ plasm and is thought to have a similar function in other organisms. In the zebrafish embryo, the vasa RNA is localized to the furrows of the early cellular divisions.
Background
Patterning in multicellular organisms depends on a carefully balanced interplay between cell division and cell fate determination. One common mechanism for cell fate determination is the asymmetric segregation of cytoplasmic products. This mechanism plays a fundamental role in a variety of developmental systems, such as in early embryonic patterning in Caenorhabditis elegans [1] , Drosophila [2, 3] and Xenopus [4] as well as in the differentiation of the neuroblast lineage in Drosophila [5] . Cytoskeletal elements and associated motor proteins have been shown to be required both for cellular divisions and for the cytoplasmic segregation of localized cellular components. For example, the site for cytokinesis is specified by the underlying mitotic spindle, the initiation of furrow formation depends on an actomyosin band [6, 7] , and a microtubule array at the developing furrow has been implicated in the deposition of new membrane [8, 9] . Similarly, the cytoplasmic segregation, distribution and anchoring of protein and RNA products have been shown to depend on cytoskeletal elements and associated motor proteins [10, 11] .
A localized cellular component found in the oocytes of many organisms is the germ plasm, which specifies the primordial germ cells [12] . This specialized cytoplasm characteristically consists of electron-dense aggregates, often associated with large amounts of mitochondria and fibrils, and contains specific RNA and protein products. Germ-plasm specification has been most extensively studied in Drosophila, in which a hierarchy of genes is known to be required for the transport of germ-plasm components from the nurse cells into the oocyte and for the assembly of these components at the posterior pole of the oocyte [13] . In Xenopus, the germ plasm is localized to the vegetal pole of the developing oocyte [14] . The movement of germ-plasm components during oogenesis depends on the formation of an organized microtubular network during oocyte formation in both Drosophila [15] [16] [17] and Xenopus [18] [19] [20] . In Xenopus, the relatively broadly localized germ-plasm material at the vegetal pole of the oocyte aggregates after fertilization to form discrete large masses, one in each of the four vegetal-most cells [21] . This process of germ-plasm aggregation and translocation again requires microtubule function [22, 23] .
A conserved component of the germ plasm is the product of the gene vasa. The vasa gene was originally identified in Drosophila and encodes a DEAD-box ATPase with RNA helicase activity [24] [25] [26] . Drosophila embryos mutant for vasa fail to assemble the germ plasm and lack germ cells. Although maternally derived Drosophila vasa RNA is evenly distributed in the oocyte, its corresponding protein is recruited to the primordial germ cells. At later stages, the vasa gene is specifically transcribed in these cells. Genes related to vasa have been found to be expressed in the germ cells of a wide variety of organisms, from planaria [27] to vertebrates such as zebrafish [28] [29] [30] , Xenopus [31, 32] , mice [33] and rats [34] . The expression patterns of vasa products in these different organisms suggests a conserved role for this gene in germ-cell determination. In the case of the early zebrafish embryos, vasa RNA becomes localized to the cleavage planes of the first two cellular divisions [29] ; the distribution of Vasa protein has not been reported.
All cellular functions and patterning decisions that occur prior to the activation of the zygotic genome at the midblastula transition, including the specification of the germ line, depend on maternal factors deposited in the egg which become active after fertilization. In order to systematically identify such factors in a vertebrate species, we are screening for maternal-effect mutations in the zebrafish. Compared with other vertebrate species, this organism is uniquely suited for such an approach because of the optical clarity and accessibility of the embryos as well as their amenability to a variety of genetic procedures [35] .
The mutation nebel was identified in a pilot run for a gynogenesis-based screen for maternal-effect genes [36] . Embryos derived from females homozygous for the nebel mutation show defects in cell adhesion and are inviable. The cell-adhesion phenotype correlates with defective deposition of adhesive cellular membranes between sister blastomeres and with defects in the microtubular reorganization at the furrow. Therefore, the nebel mutant provides genetic evidence for a role of microtubule reorganization in the exocytosis of adhesive membrane at the furrow. We also show that nebel mutant embryos exhibit defects in the localization of the vasa RNA, thus suggesting a functional link between microtubule reorganization at the furrow and vasa RNA aggregation. This suggestion is supported further by drug-inhibition studies as well as the colocalization of microtubules and vasa RNA. We discuss the implications of these findings with respect to a pathway of vasa RNA localization in zebrafish and in relation to germplasm aggregation in Xenopus.
Results

Phenotypes observed in live nebel mutant embryos
Embryos homozygous for the nebel mutation (derived from heterozygous parents) are indistinguishable from wildtype embryos and grow to be healthy adults. Embryos derived from nebel homozygous mutant females, however, exhibit defects in cell adhesion that are visible beginning at the first cellular division and are largely inviable (see below). The strength of the phenotype was independent In nebel mutant embryos, the furrows develop normally but cells remain separate from each other (top panel, arrowhead; this is the cell-adhesion phenotype). In some cases, the membrane regresses to its original position after indentation (bottom panel; this is the furrowregression phenotype). Note the lack of a membrane separating the sister cells (arrowhead). (c,d) At the 64-cell stage, cells in (c) wild-type embryos are tightly cohesive and are arranged in two tiers, whereas in (d) nebel mutant embryos, cells are loose. The cells lack a tiered arrangement and occupy a much broader area over the yolk. (e,f) At later blastula stages, here shown at the 1,000-cell stage, (f) many nebel mutant embryos exhibit aberrant syncitial regions (asterisk). Two pockets where cellularization has occurred in this particular embryo are indicated with arrowheads. (g,h) Water-activated, unfertilized eggs from wild-type (g) or homozygous nebel mutant (h) females 2 h after egg activation. Most activated wild-type unfertilized eggs exhibit protrusions formed by attempted cleavage planes (pseudocleavages, arrows), while activated nebel mutant unfertilized eggs lack these protrusions. Formation of new cellular membranes during the early cleavage stages proceeds as follows [6, 7] . First, the cleavage site is defined by the underlying mitotic apparatus. Second, the contraction of an actomyosin band at that site results in the indentation of the membrane. Third, membrane vesicles from intraembryonic stores are deposited at the site of furrow formation to form the intercellular membrane. These newly added membranes contain molecules involved in adhesion such as β1-integrin [37] and β-catenin [9] . As a result, daughter cells are normally tightly attached to each other ( Figure 1a ). In nebel mutant embryos the initiation of the furrows occurs as in the wild type but cells often remain separate from each other ( Figure 1b , top panel), retaining the round shape characteristic of wild-type cells at the normally transient stage after furrow indentation but before the deposition of adhesive membrane (not shown). In some embryos, the furrow regresses after indentation, that is, the membrane at the cleavage plane indents as normally but later retracts to its original position ( Figure 1b , bottom panel). During the early cleavage stages, blastomeres appear non-adhesive ( Figure 1d ; compare with Figure 1c ). In addition, mutant embryos lack the normally tiered appearance of the blastula, probably as a consequence of the reduced cell adhesion. By the late cleavage stages, many nebel mutant embryos have become syncitial: they lack cellular membranes in large portions or the entirety of the blastula ( Figure 1f ; compare with Figure 1e ). The differences in early cellular morphology could also be observed in unfertilized eggs: whereas wild-type unfertilized but water-activated eggs undergo cyclical, albeit irregular, cleavages ( Figure 1g ; see [38] ), water-activated unfertilized eggs from homozygous nebel females do not exhibit these pseudocleavages and maintain a smooth and round morphology ( Figure 1h and data not shown). In addition, the cytoplasm of nebel mutant embryos and unfertilized eggs is relatively opaque compared with wild-type embryos, a phenotype that has given it its name ('nebel' is 'fog' in German) but that remains unexplained.
Those nebel embryos that survive the early cleavage and reach gastrulation (especially at higher rearing temperatures, see below) typically die before 24-36 hours post fertilization. The body shape of the embryos is often widened and less extended, as are their expression patterns of axial genes such as axial and no tail (data not shown), phenotypes which are consistent with a general reduction of convergence-extension movements during gastrulation [39] .
The microtubule array at the furrow is affected in nebel mutants
Exposure to cold temperature or microtubule-inhibiting drugs has been shown to produce phenotypes that overlap with those observed in nebel mutant embryos: non-adhesive blastomeres, furrow regression, and production of syncitial embryos [8, 9, 40, 41] . These phenotypes, like microtubule function itself, are cold-sensitive: shifting nebel mutant embryos from the standard raising temperature of 28°C to 22.5°C prior to the initiation of cleavage greatly increases the strength of the phenotypes but has no significant effect on wild-type controls (Table 1 ). These observations suggested that nebel might affect microtubule function. We therefore tested whether nebel mutant embryos have a normal microtubule organization using immunofluorescence confocal microscopy.
In particular, we expected that nebel mutants might be defective in the formation of the furrow microtubule array (FMA), an array of microtubules found to be oriented perpendicular to the cleavage plane during furrow formation in both zebrafish [9] (Figure 2a ,c) and Xenopus [8] . This structure has been proposed in both organisms to be required for the deposition of intraembryonically derived membrane at the furrow. Indeed, during furrow maturation, when the FMA is normally highly organized in wildtype embryos, in nebel mutants it is either severely reduced (data not shown) or consists of filaments which are significantly shorter than normal (Figure 2b ,d). Similar phenotypes have been observed in furrows of the first, second and third cleavage divisions (data not shown).
We did not, however, detect any differences between wildtype embryos and nebel mutants during the earliest stages in furrow formation, when microtubules could be observed to radiate out from the forming asters and reach the site of the future cleavage plane [8, 9] (compare Figure 2b ,f with Figure 2a ,e). This is consistent with the normal furrow initiation ( Figure 1b ) and DNA segregation ( Figure 3 and data not shown) observed in nebel mutant embryos and with the well-established idea that these processes depend on the underlying mitotic apparatus [6] . Therefore, nebel mutants
Research Paper Zebrafish maternal gene nebel Pelegri et al. 1433 Table 1 Temperature sensitivity of nebel-associated phenotypes. appear to be specifically defective in the formation of the FMA and retain other microtubule-dependent functions.
Reduced FMA function in nebel mutants results in reduced membrane deposition at the furrow
Previous studies have proposed that the adhesive membrane present in the intercellular furrows is derived from intraembryonic membrane vesicles deposited through exocytosis ( [6] ; see also [8, 9] ). The β-catenin protein, in particular, is enriched at all mature cleavage planes in wild-type embryos (Figure 3a ) as well as in membrane vesicles near the forming furrow [9] . The accumulation of β-catenin at the furrow was reduced when the FMA was disturbed using microtubule-inhibiting drugs [9] . These observations indicate that the accumulation of β-catenin protein at the furrow probably reflects FMA-dependent exocytosis of intraembryonic membrane vesicles. Detection of β-catenin protein using immunofluorescence revealed that β-catenin is not enriched at cleavage planes of nebel mutant embryos ( Figure 3b ). As an additional marker for membrane dynamics at the forming furrow, we tested for binding to the lectin Concanavalin A (Con A), which preferentially binds glycosylated receptors in membranes of cleavage planes in amphibians [42] and in zebrafish (Figure 3c ). Con A binding was also reduced in furrow regions of nebel mutant embryos (Figure 3d ).
These observations support a role for nebel in the organization of the FMA as well as a role for the FMA itself in the exocytosis of intracellular membrane and the maturation of the furrow. This defect in adhesive-membrane deposition in turn explains the uncohesive nature of blastomeres in nebel mutant embryos. In the cases in which the membrane deposition defect is most severe, it also presumably explains the furrow regression and syncitium formation phenotypes observed in these mutants. In order to test for potential defects in other early processes, we tested whether the nebel mutation affects the localization of the vasa RNA. As previously reported, vasa RNA is localized in wild-type embryos by the end of the second cleavage cycle into four compact spots at the distal ends of the cleavage furrows (shown in an eight-cell embryo in Figure 4a ,c; see also Figure 5a ). In nebel mutant embryos, four main vasa-RNA-containing aggregates do form at the cleavage furrows, but these clusters are often found towards the middle of the furrow instead of in its distal region (Figure 4b,d) . The pattern of vasa RNA is affected even in embryos with no overt abnormalities in the position of the cleavage planes. Simultaneous labeling of microtubules in the same embryos showed the expected reduction of FMA in actively forming furrows ( Figure 4f ; compare with Figure 4e ). These observations suggest that nebel affects a process of translocation of the vasa RNA towards the distal ends of the forming furrows.
Inhibition of microtubular function results in vasa RNA localization defects
Because nebel embryos show a reduction in the organization of the FMA, we surmised that microtubules might be required for vasa RNA translocation. We therefore tested whether the inhibition of microtubule function with microtubule-inhibiting drugs also results in vasa RNA localization defects. Exposure to microtubuleinhibiting drugs prior to cleavage initiation resulted in a reduction of detectable vasa RNA aggregates near the furrow zone (data not shown). As this treatment resulted in the inhibition of furrow initiation itself, however (data not shown; see also [8, 40] ), this reduction in vasa RNA aggregation is difficult to interpret. In order to bypass the early requirement of spindle microtubules in furrow initiation, we exposed dechorionated embryos immediately after visualization of the incipient furrow to nocodazole solutions of 0.1 µg/ml. This method of exposure allows the proper aggregation of vasa RNA at the furrows. These aggregates, however, exhibit defects in distal translocation (Figure 5b ; compare with Figure 5a ) similar to those observed in nebel mutants. This nocodazole concentration results in a strong inhibition of microtubule assembly and membrane addition during furrow formation (compare Figure 5d ,f with Figure 5c,e; see also [9] ). A similar vasa RNA localization defect was also observed using colcemid as a microtubule-inhibiting agent (data not shown). These results argue for a requirement for microtubules in the distal translocation of vasa-RNAcontaining aggregates.
Microtubules colocalize with vasa RNA during furrow formation
In order to obtain further evidence for a microtubulemediated transport of vasa RNA, we used confocal microscopy to visualize microtubules together with vasa RNA in fixed embryos spanning the first two cleavage cycles (Figure 6 ). At furrow initiation microtubules that reach the forming furrow appear to have originated from astral arrays (data not shown; see Figure 2e ) and begin to align perpendicular to the furrow (Figure 6a,b) . At this stage, vasa RNA has already begun to collect and aggregate at the furrow. During active furrow formation (Figure 6c-f) , when the FMA is fully formed, the aggregated vasa RNA could be clearly seen at the furrow as a RNA translocation is defective in nebel mutant embryos. Fixed embryos were stained for vasa RNA using in situ hybridization (red). They were also colabeled to detect microtubules (green) in order both to show the overall cellular morphology better and to monitor microtubule formation and distribution. Embryos were fixed during formation of the third furrow. (a,c) At this stage, the vasa RNA is normally tightly localized to the distal ends of both the first and second cleavage planes in wild-type embryos. (b,d) In nebel mutant embryos, vasa RNA aggregates often do not translocate to the distal end of the furrow. As previously reported, vasa RNA aggregates can be occasionally observed at the third furrow of both wild-type and mutant embryos. (e,f) At this time, (e) the FMA of the third furrow is highly organized in wild-type embryos but (f) undetectable or strongly reduced in mutant embryos. Only the green channel is shown in (e,f). The scale bars represent (a,b) 100 µm; (c-f) 20 µm; 1st, 2nd and 3rd indicate cleavage planes. (Figure 6c,d) . This vasa-RNA-containing aggregate appeared to be in direct physical contact with the outer tips of the microtubular bundles. Indeed, confocal sections through the aggregate revealed that at least a subset of microtubules is embedded in the aggregate (data not shown). As the furrow progresses, microtubules in the FMA become enriched at the distal end of the furrow and the vasa aggregate changes from cylindrical to triangular in shape (Figure 6e,f) . After completion of the furrow, once the distal translocation movement is completed, only a small number of microtubule bundles remain attached to the aggregate (Figure 6g,h) . Therefore, the microtubule bundles of the FMA are present at the right time and place to have a role in vasa RNA translocation, and appear to physically interact with the vasa-RNA-containing aggregate. 
Discussion
This work identifies nebel as a zebrafish gene required in the mother for the early development of its progeny. Zygotically homozygous nebel mutant embryos, larvae and adults that are derived from heterozygous mothers are fully viable and indistinguishable from wild type. Zygotically-derived nebel gene product does not, therefore, appear to be required at any stage of development. Moreover, the phenotype of embryos derived from females homozygous for the nebel mutation does not depend on their zygotic genotype. Thus, nebel appears to be a strict maternal-effect gene and is the first such gene identified in a systematic manner in a vertebrate species [36] . We cannot formally rule out, however, that the nebel mutation is a hypomorphic allele of a gene required both zygotically and maternally, but which is required zygotically only at low levels of activity. Embryos from mothers homozygous for a mutant nebel allele exhibit defects in cell adhesion and the localization of vasa RNA, a putative germ-plasm component. Our genetic, drug-inhibition and colocalization studies suggest that the underlying common cause of these defects is a reduction of the microtubule array at the developing furrow.
Furrow formation, cell adhesion and the site of action of the nebel gene
Previous studies have indicated that the formation of new membrane during early embryonic cell divisions depends on the insertion of intraembryonic membrane vesicles at the developing furrows [43, 44] . These vesicles are derived from the Golgi apparatus [45, 46] and allow the deposition of specific glycoproteins and cell adhesion molecules in the newly formed intercellular surfaces [9, 37, 47, 48] . Recent work has suggested that an array of microtubules aligned perpendicular to the forming furrow, termed the FMA, is involved in the secretion of these vesicles at the cleavage planes in both zebrafish [9] and Xenopus embryos [8] . These conclusions relied on general microtubule inhibitors, however. Because the nebel mutation affects the FMA without any apparent effects on other microtubuledependent functions (see below), the genetic analysis of nebel provides the most specific correlation to date between FMA function and membrane deposition. The defects in FMA organization and membrane addition present in nebel mutants result in turn in the lack of cell adhesion and intercellular membrane formation.
A defect in membrane addition is also consistent with reduced pseudocleavage formation in water-activated, unfertilized eggs derived from homozygous nebel mutant females. The apparent absence of pseudocleavage initiation in these eggs, however, is intriguing. It is possible that in activated, unfertilized eggs pseudocleavages are not easily observable unless the pseudocleavage itself is strengthened through a nebel-dependent maturation process. Alternatively, the absence of sperm-derived components may render unfertilized eggs more sensitive to the lack of maternal nebel function.
We do not yet know the exact site of action of the wildtype nebel gene product. Embryos from homozygous nebel mutant females show no obvious defects in aster formation, DNA segregation and furrow initiation, all of which are microtubule-dependent functions. In addition, dorsal genes are activated at wild-type levels in these mutant embryos (data not shown), which suggests that the microtubule-dependent dorsal translocation of the putative dorsal signal [41] is also unaffected. These results suggest that, at least during the early cleavage stages, the nebel gene product is specifically required for the development of the microtubule array at the furrow. It is possible that nebel codes for a specialized component or modifier of the FMA. Alternatively, the nebel product may be involved in upstream events required for maturation of the furrow, such as the local release of calcium ions (see below). Further analysis of the nebel mutant phenotype and the identification of the corresponding gene will allow a more precise definition of its function.
In addition, we note that other phenotypes and death also occur even when embryos from homozygous nebel mutant females survive the early cleavages and form relatively normal late blastulae (for example, when they are raised at higher temperatures; see Results). Specifically, a widening and shortening of the axis is often observed, and death almost invariably occurs. At present it is unclear whether these later maternal phenotypes are caused by additional functions of maternally-derived nebel gene products during gastrulation or are secondary consequences of the early cell adhesion defects.
A role for microtubules in the translocation of vasa RNA
The analysis of the nebel phenotype has also revealed a role for the FMA in the distal movement of assembling vasa RNA aggregates along the forming furrow. A requirement for microtubules for vasa RNA translocation is supported by a number of observations: the correlation between a reduced FMA and vasa RNA localization defects in nebel mutant embryos, the fact that exposure to microtubule-inhibiting drugs produces similar defects, and the pattern of colocalization and apparent physical interaction of microtubule bundles of the FMA and the vasa RNA aggregate during furrow progression. Electron microscopic studies (H.K., F.P., K. Bohmann, H. Schwartz and C.N-V., unpublished observations) show that the aggregated vasa RNA reflects the distribution of the germ plasm and that the nebel mutation affects this distribution.
Because a reduction in FMA function also results in reduced exocytosis at the furrow, we can not rule out a role for exocytosis or cell adhesion per se in vasa RNA localization. Our attempts to use various pharmacological agents to specifically inhibit exocytosis without affecting the FMA have so far been unsuccessful. Indeed, there is a precedent for the coupling of mRNA transport and membranous organelles: in Xenopus oocytes, the Vg1 mRNA is transported to the vegetal pole while it is associated with an ER subcompartment [49, 50] , a process which, incidentally, is also microtubule-dependent [18] . Further work will be required to determine whether translocation of the germcell aggregates is coupled to membrane dynamics or cell adhesion. Our genetic and drug-inhibition studies, however, together with the direct visualization of an association between microtubule bundles and the vasa-RNA-containing aggregate, provide strong support for a microtubuledependent translocation movement of the aggregating vasa RNA along the furrow. This conclusion is further supported by the similarities between the process of vasa RNA aggregation in the zebrafish and the microtubule-dependent aggregation of germ plasm at the vegetal cortex of early Xenopus embryos, which in the latter case occurs independently of cell membrane formation (see below).
A pathway of vasa RNA localization in the zebrafish
The data presented in this paper, together with previous observations, begin to outline steps in a pathway of vasa RNA localization during egg activation and early cleavage. In contrast to most examined maternal RNAs, which during oocyte development are enriched at the animal pole [51] , vasa RNA is localized to the oocyte cortex [30] . Upon egg activation, vasa RNA becomes localized to the cortex of the forming cell, as can be observed in one-cell zygotes and unfertilized eggs [30, 52] .
During the first two cleavages, vasa RNA accumulates at the furrows [29] , presumably as the result of transport and recruitment from the cortex to the incipient furrow. We do not yet know the cytoskeletal requirements for this transport and recruitment step. Treatment with microtubuleand microfilament-inhibiting drugs before furrow initiation results in a decrease of vasa RNA aggregation at the furrow site (our unpublished observations). The interpretation of these results is hampered by the requirement for these elements for furrow initiation, however. The recruited vasa RNA initially spans a relatively large portion of the forming furrow (Figure 6a-d) . At about the same time, an FMA with microtubule bundles embedded in the vasa-RNAcontaining aggregate aligns at the furrow. Further furrow progression results in the accumulation of both the microtubule bundles of the FMA and the vasa aggregate at the distal end of the furrow (Figure 6e-h ).
We speculate that there are two possible mechanistic bases for the distally-oriented translocation of vasa-RNAcontaining aggregates. In one scenario, microtubule bundles of the FMA are relatively stable and are dragged distally along the furrow, and the vasa aggregate with them. Alternatively, a distally directed, wave-like nucleation of dynamic microtubule bundles may provide a substrate on which the vasa-containing aggregate moves in a directional manner. We are currently attempting to perform a time-lapse analysis of the FMA to distinguish between these two possibilities. In either case, microtubules and/or motor proteins are likely to interact with cytoskeletal elements along the plane of the furrow (perpendicular to the bundles of the FMA), for example the actin-based cable required for furrow indentation, or a microtubule-based cable that develops during furrow formation (arrowhead in Figure 5c ). Interestingly, a kinesinlike motor protein has been shown to be required for germ-plasm aggregation in what may be a homologous process in Xenopus embryos ( [53] ; see below). In Xenopus, the germ plasm has also been observed to be embedded in a network of microtubules ( [53] ; see also [8] ). Moreover, germ-plasm aggregation and its translocation towards the vegetal pole in this organism is dependent on the function of both microtubules [22, 23] and a kinesinlike molecule [53] . The microtubule bundles that colocalize with the germ plasm at the vegetal pole of the Xenopus embryo, however, are spatially distinct from those proposed to be required for the exocytosis of new membrane (the FMA as defined in this organism; see Figure 7b ). In the zebrafish, on the other hand, the microtubule bundles required for exocytosis and for vasa RNA translocation are both located in the zone of active furrow formation and are not readily distinct (Figure 7a ). Further colocalization and time-lapse studies will be required to ascertain whether the zebrafish embryo cleavage furrows contain two functionally distinct populations of microtubules.
In Xenopus, gradual germ-plasm aggregation and translocation towards the vegetal pole has been associated with surface contraction waves [23] . These are animal-to-vegetal wave-like changes in the cortex, which travel with a periodicity similar to that of the cell cycle and which are thought to be driven by the release of calcium from internal stores (reviewed in [54] ). A second, distinct set of calcium waves, which are oriented along the furrow planes and have been proposed to drive furrow formation, has been observed in embryos of medakafish [55] , zebrafish [56] [57] [58] and Xenopus [59] . Thus, at least parts of the mechanism of germ-plasm aggregation and translocation may be conserved between amphibians and fish, in both cases depending on a calcium wave and microtubule reorganization. The topology of these waves and movements, however, is different: from the animal to the vegetal pole in Xenopus, and from medial to distal regions of the furrow in zebrafish.
Conclusions
Our data support the idea that the organization of the microtubule array at the forming furrow serves two purposes. First, it brings to the furrow a store of new membrane, which allows for the increase of surface area required for cell division and provides cell-adhesive molecules. Second, this array is required for the distal translocation of the aggregating germ plasm along the forming furrow.
Materials and methods
Labeling and detection methods
For tubulin stainings, dechorionated embryos were fixed in 4% paraformaldehyde, 0.25% glutaraldehyde, 5 mM EGTA, and 0.2% Triton X-100 (modified from [19] ) for 7 h at room temperature and overnight at 4°C. After fixation, embryos were washed in PBS and permeabilized by storing at -20°C overnight in methanol. After rehydration with a PBS:methanol series, embryos were treated with 0.5 mg/ml NaBH4 for 5 min at room temperature to inactivate the glutaraldehyde and washed three times in PBS with 0.2% Triton X-100. Labeling was performed using a monoclonal antibody against a-tubulin (Sigma, clone B-5-1-2) at a 1:2,500 dilution in PBS with 0.2% Triton X-100. For colocalization of vasa RNA and microtubules, embryos were fixed and treated as for microtubule staining and processed for in situ hybridization as in [29] , except omitting the proteinase K treatment and using Fast Red/NABP as a substrate [60] . After the color reaction, the staining was fixed overnight at 4°C in 4% paraformaldehyde in PBS and the embryos were stained for microtubules as above. For b-catenin labeling, dechorionated embryos were fixed with 4% paraformaldehyde in PBS and labeled with an anti-β-catenin antibody (Sigma monoclonal antibody 15B8) at a 1:1,000 dilution in PBS, 1% BSA, 0.2% Triton X-100. Primary antibodies were recognized using Cy3-or FITC-conjugated goat anti-mouse antibodies (Dianova) at a 1:100 dilution in PBS, 1% BSA, 0.2% Triton X-100. Propidium iodide staining was performed by incubating fixed embryos with 0.4 mg/ml RNase for 1 h and subsequently with 50 mg/ml propidium iodide (Molecular Probes) for 20 min, both in PBS 0.2% Triton X-100. For all of the above procedures, the yolk was manually removed from the embryo after fixation but prior to staining. Con A staining was performed by exposing live dechorionated embryos before the first cleavage to 20 mg/ml FITC-labeled Con A (Sigma) in embryonic medium and fixing with 4% paraformaldehyde in PBS. Confocal microscopy was performed using a Leica TS system.
Drug treatments
Nocodazole (Sigma) was prepared as a stock solution of 5 mg/ml in DMSO and used at a concentration of 0.1 mg/ml. Colcemid (Molecular Probes) was prepared as a stock of 10 mg/ml in water and used at a concentration of 0.5 mg/ml. Dechorionated embryos were exposed to drugs at the indicated concentration after dilution in embryonic medium. In all drug-exposure experiments, control embryos were transferred to a solution containing the same concentration of the corresponding solvent.
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